DARK SECTOR SEARCHES WITH POSITRONS
Physicists do not know what the dark matter (DM) is made of, but astrophysics and cosmology indicate that Standard Model (SM) particles account for less than 5% of the total content of the Universe. Failing to find DM in the form of weakly interacting massive particles (WIMP) has stimulated the alternative hypothesis of "hidden sectors": one or more families of new particles disconnected from the ordinary matter, except from some mediator states, very weakly coupled, acting as "portals" to the SM [1, 2] .
A much larger spectrum of masses and couplings is in this case allowed: the dark mediator itself can be light and yet have been undetected so far. An indication on the coupling and mass can be derived by demanding this new particle be the only justification of the well-known muon g-2 anomaly [3] . Many models have been built, but in general the portal can be a fermion (e.g. a sterile neutrino), a scalar, a vector (dark photon), or a axion-like particle, and it can be part of a complex sector, rich in new (heavy or light) states.
Many experiments have been devoted to searching for a dark photon (A') kinetically mixed with the ordinary photon, and radiated in the interaction of an electron beam with the nuclei of a target, or coming from the decay of a meson. While a large number of results accumulated in last few years in the "visible" decays, i.e. when A' decays to SM final states ( $ % if '' < 2 + ), much less has been explored in the more general case in which the mediator can decay "invisibly", i.e. to dark particles (only possible if '' > 2 / ).
When searching for such a new particle with accelerator-based experiments, generally a number of assumptions are needed on the production mechanism and on the decay channels: does it couple to leptons? And to quarks? Is it the lightest particle in the hidden sector? Moreover, since the coupling to the SM is very weak, very high luminosity is required: the fixed-target approach is thus favored over colliding beams because the number of target atoms is much higher than the number of particles in an accelerator beam; moreover the atomic number of the target can be > 1), but the advantage comes at the price of a reduced center of mass energy.
On the other hand, among the different classes of experiment, the $ % annihilation is the less model-dependent approach. Moreover, it has the potential of positively identifying a new particle, regardless of its final state: this is not the case for the missing momentum nor missing energy experiments, which only have an exclusion power. It is possible to join the two aspects by performing $ annihilation on the atomic electrons of a fixed-target [4] , as in the case of the PADME [5] [6] [7] experiment, approved at Frascati LINAC [8] , and MMAPS [9] , proposed at the Cornell synchrotron. In both cases a dark vector A' can be searched for in a model-independent way, as a peak in the missing mass spectrum, obtained by precisely measuring the momentum of the recoil photon in + invisible final states, or by measuring the electron-positron pair resulting from the dark photon decay. The energy of the positron beam from the Frascati LINAC is limited to 550 MeV (see next section), so that the mass range extends to 24 MeV/ 4 (as shown in Fig. 1 ), while up to '' = 78 MeV/ 4 could be explored with the proposed 6 GeV extracted positron beam at Cornell. The excellent missing mass resolution of the PADME experiment is achieved thanks to the characteristics of the setup (the MMAPS proposal is based on a similar concept, although with slightly different technical solutions), which is composed of (see Fig. 2 ):
-An active low-Z target (diamond with graphite strips for the beam monitoring), in which positrons annihilate; the 0.1 mm thickness is optimized taking into account the beam intensity with respect to the annihilation and Bremsstrahlung cross-sections, in order both to limit double-interaction probability and to keep the rate in the detector at a manageable level. -An analysing dipole magnet, sweeping away the non-annihilated positrons of the incoming beam from the main calorimeter, but also enabling the rejection of Bremsstrahlung background events by vetoing on positrons losing energy by radiation. -Scintillating bars measuring the momentum of the radiating positrons, bent in the magnetic field; the bars are read-out with wavelength-shifting fibers coupled to Silicon photo-multipliers. -The main calorimeter, made of 600 BGO crystals (21×21×230 mm 3 , i.e. 21 radiation lengths), with the main purpose of precisely measuring the recoiling photon energy and position. -A fast Cherenkov forward calorimeter, detecting high-energy low-angle photons, mainly from the copious Bremsstrahlung background. All detectors are acquired by fast switched-capacitor array digitizers, and the waveform data (1024 samples/channel at 1 GS/s) are transmitted to the acquisition for each positron beam pulse (at the maximum rate of 50 Hz). The first physics run of PADME will be in 2018 (six months of data taking), aiming at 10 :; positrons on target, in order to reach a sensitivity at the 10 %< level in the coupling 2 = / ′ (where the new coupling ′ is expressed in terms of the electromagnetic one ), up to a mass for a kinetically mixed dark photon of 24 MeV/c 2 . The sensitivity can be pushed further, by accumulating 4 • 10 :; positrons on target in two years or running, thus reaching 4~5 • 10 %D , as shown by the red-dashed line in Fig. 3 , compared with the exclusions from past experiments (like BaBar [10] ) and from present (NA64 [11] ) and planned (MMAPS, VEPP-3 [12] ) ones: even though the band favored by the muon − 2 anomaly is excluded, a large part of parameter plane (mass vs. coupling) remains still unexplored. FIGURE 3. Sensitivity of experimental searches of a dark photon decaying to invisible (dark) final states in the plane coupling 4 = '/ vs. mass: PADME sensitivity is shown by the red dashed line, compared with the existing limits (BaBar mono-photon result is shown in green). The projected sensitivity of an improved PADME experiment using DAΦNE ring as pulse stretcher of the Frascati LINAC (brown area) is also shown compared to future experiments, both approved like Belle-II, and proposed like VEPP3 at Novosibirsk and MMAPS at Cornell.
POSITRON FACILITIES
The Frascati accelerator complex is centred around the DAΦNE $ % collider, running at 1.02 GeV centre of mass energy, using a high-current, S-band warm LINAC, capable of producing up to nC positron pulses at 50 Hz repetition rate, at a maximum energy of 550 MeV, which can be deflected towards the BTF (Beam-Test Facility) beam-line and experimental area [13] . For the PADME experiment the intensity of the positron beam is not limited by the LINAC current, but by the pile-up probability in the calorimeters, measuring the position and energy of the recoil photon, and the veto probability in the scintillating bars hit by positrons undergoing a Bremsstrahlung in the target.
This reduces the particle density impinging on the target to ~10
; $ /ns, so that the maximum intensity is determined by the longest possible beam pulse from the LINAC. For the DAΦNE collider operations electrons and positrons from the LINAC are injected into the damping ring in ~10 ns long pulses (since the radio-frequency is ~74 MHz), with a structure of 2856 MHz micro-bunches.
In order to achieve the highest possible luminosity for PADME, the LINAC setup has been modified for accelerating longer positron macro-pulses, despite the accelerating field exhibits a very peaked time structure, due to the compression of the RF power from the klystrons (by means of the so-called SLED device), needed to get relatively high gradients with S-band structures: pulses of >200 ns have been produced [14] .
It is clear that for getting significant improvements of the sensitivity of this kind of experiments, such a low duty-cycle (200 ns/20 ms= 10 %H ) has to be largely improved, indeed the ideal machine would be a continuous-wave accelerator, like a superconducting LINAC.
The possibility of increasing the pulse length by 3-4 orders of magnitude using the DAΦNE ring as pulse stretcher of the LINAC, has been recently proposed [15] , using the slow extraction: exciting a 1/3 of integer tune resonance and using the synchrotron radiation losses to drive positrons out of the stable phase-space region, it will be possible to produce ~0.4 ms positron bunches. This corresponds to a corresponding improvement in the sensitivity for PADME, shown by the brown-shaded area in Fig. 3) . Unfortunately, the small size of the ring does not allow increasing the beam energy, so that no improvement in the explored dark photon mass range is instead possible. A possible layout of the extraction line and PADME location in the main DAΦNE hall is shown in Fig. 4 . 
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The pulse stretcher project in Frascati has been inspired by a similar project at Cornell University of using resonant extraction of positrons from a storage ring. The CESR storage ring is presently used as synchrotron radiation facility: prior to be stored in the storage (outer) ring, positrons produced by a 150 MeV LINAC are accelerated to 5.3 GeV (6 GeV after the on-going upgrade) by a synchrotron. The two circular rings are one inside the other, positrons are extracted from the inner synchrotron to the outer storage ring, where the undulators and photon beam-lines are installed (in the south region of the accelerator campus).
The idea is again to use 1/3 resonant extraction, excited by sextupoles and driven by ramping quadrupoles, and in order to perform positron fixed-target experiments, an extraction line from the synchrotron has to be realized. A possible layout of the extraction line and of a dark photon experiment modelled on the PADME setup (in particular using the same BGO calorimeter or a very similar one), in the north region of the accelerator campus is shown in Fig. 5 . Also in the case of an extracted, stretched beam, the intensity of positrons is limited by the need of keeping the pile-up probability in the detectors (in particular the main BGO calorimeter) at an acceptable level: -In the case of an improved PADME experiment with ~550 MeV positron beam, 0.4 ms long, extracted at 50 Hz from the DAΦNE ring, the maximum duty-cycle would be of the order 2%; -For MMAPS using a 6 GeV positron beam extracted from the Cornell synchrotron in 12,000 bunches, spaced by 168 ns and repeated at 60 Hz, the maximum resulting duty-factor is still ~10%. An alternative approach is to use an internal target, onto which the positron beam circulating in an accelerator ring impinges. This is the approach of the VEPP3 proposal at the Budker Institute in Novosibirsk. In this case the limitation comes from the need of realizing a low-Z, very thin target, in order to reduce the impact on the beam lifetime. The project aimed at building a dedicated by-pass line of the VEPP3 storage ring, for installing a gaseous H 2 target and a dark photon experiment is described in Ref. [12] .
CONCLUDING REMARKS
Positron annihilation searches for a dark mediator (dark photon, ALP, or other exotic particles) independent from the final states with missing mass technique, have a two-fold interest:
-It is possible to make model-independent exclusions.
-If the missing mass resolution is good enough, this kind of experiment has a discovery potential of a new (super-weak) force of nature. In the future (mid and long term) experimental panorama, the Belle-II experiment at SuperKEKB will explore the high-mass range in a few years, but limits in the most interesting range below 100 MeV will be far from the "thermal" DM bounds by several orders of magnitude, until the LDMX experiment at SLAC will reach its ultimate sensitivity [2] .
In order to have a real break-through with respect to the present experiments (PADME, in particular) there are two possibilities:
-Increase the mass sensitivity, by increasing the beam energy. In this respect, the Cornell project of a 6 GeV extracted positron beam would allow extending the range up to 78 MeV/ 4 . -Increase the luminosity, keeping in mind that this kind of experiment is limited by the pile-up probability. The improved PADME proposal, using the DAΦNE ring as a positron beam stretcher, and the Cornell facility, both aim at extending the duty-factor by increasing the pulse length/repetition rate ratio, but can hardly exceed the 10 :< (Frascati) to 10 :D (Cornell) positrons on target/year.
In this respect, the best option would be a super-conducting machine like CEBAF, which can easily provide an adequate beam quality: 1% energy resolution, sub-mm spot, 0.1 mrad divergence. A dedicated study on the potential sensitivity of a positron annihilation experiment at 11 GeV at TJNAF is reported in [16] .
